Abstract.-By observing s u i t a b l e systems i n t h e transmission e l e c t r o n microscope (t.e.m.), i t i s possible t o obtain useful information on t h e s t r u c t u r e of p a r e n t m a r t e n s i t e , transformation twin and i n t e r v a r i a n t i n t e r f a c e . I n t h i s a r t i c l e , we review our recent m r k on N i -T i , Ti-Mn and Au-Cd a l l o y s using both conventional and high resolution t.e.m., and we show how these techniques can be used to increase our understanding of m a r t e n s i t i c i n t e r f a c e s .
Introduction.-Transmission e l e c t r o n microscopy (t.e.m.1 i s now an e s t a b l i s h e d method f o r characterising m a r t e n s i t i c m a t e r i a l s (e.g. (1)).
It i s frequently used t o obtain j.nformation on habit planes, p a r e n t m a r t e n s i t e o r i e n t a t i o n r e l a t i o n s h i p s and transformation twinning modes and the r e s u l t s a r e compared with the p r e d i c t i o n s of the formal c r y s t a l l o g r a p h i c theories of martensite (2) (3) (4) .
In recent years, improvements i.n microscope r e s l u t i o n s have allowed t h e use of the high r e s o l u t i o n t.e.m. technique of l a t t i c e f r i n g e imaging t o observe t h e f i n e s t r u c t u r e of m a t e r i a l s a t a near-atomic l e v e l . I n the case of m a r t e n s i t i c m a t e r i a l s , t h i s can, i n favourable circumstances, oermit t h e d e t a i l e d examination of parent-martensite, transformation twin and i n t e rv a r i a n t i n t e r f a c e s . The migration of such i n t e r f a c e s i s an e s s e n t i a l Dart of martens i t i c transformations and can a l s o play a major Dart i n the deformation c h a r a c t e r i st i c s of m a r t e n s i t i c m a t e r i a l s (5). I n t h i s a r t i c l e , w review our recent work on three non-ferrous m a r t e n s i t i c systems and show how b t h convential and high-resolution t.e.m. have enhanced our understanding of m a r t e n s i t i c i n t e r f a c e s i n these systems.
Electron Microscope Observations
2.1 Titanium -5 wt % manganese.-In t h i s a l l o y , the parent b.c.c. 6 phase transforms m a r t e n s i t i c a l l~ on quenching to produce the low temperature h.c.p. a phase. I n addition, the B phase can transform t o an h.c.p. w phase during the quench. This system m s o r i g i n a l l y investigated by Hammond and Kelly (6) kho observed t h a t the cc martensite appeared i n t w~ morphologies, one a s broad bands with a planar parentmartensite i n t e r f a c e and one i n t e r n a l l y twinned with a zig-zag p a r e n t m a r t e n s i t e i n t e r f a c e . Hammond and Kelly i n t e r p r e t e d the t w~ morphologies i n terms of t h e t m d i f f e r e n t s o l u t i o n s of the crystallographic theory f o r t h e b. c. c. -h. c.p. transforma t i o n . I n o r d e r to explain the z i g z a g i n t e r f a c e s , they had t o p o s t u l a t e t h e presence of small l o c a l i n t e r f a c e d i l a t a t i o n s a t each parent-twin i n t e r f a c e . This approach a l s o requires s t e p s i n the z i g z a g i n t e r f a c e s which, i f l a r g e enough, might be detect a b l e i n t h e t.e.m.
*NOW a t t h e Department of Metallurgy and Materials Technology, University of Surrey, Guildford GU2 5XH, England Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1982422 W e have r e c e n t l y re-examined t h i s a l l o y system (7) and have shown t h a t the two p a r t i c u l a r morphologies observed a r e i n f a c t r e l a t e d and correspond t o t h e same s o l u t i o n of t h e phenomenological theory as f a r a s the o r i e n t a t i o n r e l a t i o n s h i p s a r e concerned. An example h e r e the broad band morphology changes i n t o the z i g z a g morphology i s shown i n f i g . 1 .
Trace analyses of t h e p a r e n t m a r t e n s i t e i n t e r f a c e s were c o n s i s t e n t with those quoted by Hamond and Kelly, but n e i t h e r conventional two-beam dark f i e l d e l e c t r o n microscopy nor weak-beam imaging d e t e c t e d any i n t e r f a c i a l s t r u ct u r e . An a l t e r n a t i v e explanation f o r the observed i n t e r f a c e o r i e n t a t i o n was formula t e d using t h e s u r f a c e d i s l o c a t i o n approach ( 6 ) and w i t h o u t the need t o invoke a d i l a t a t i o n parameter. The model suggests t h a t the occurrence of i n t e r f a c e f a c e t i n g i n m a t e r i a l s such a s Ti-Mn i s a consequence of the i n d i v i d u a l parent-twin i n t e r f a c e s l o w r i n g t h e i r n e t Burgers vector contents. One consequence of t h i s approach i s t h a t t h e formal surface d i s l o c a t i o n s accommodating the m i s f i t i n the Darent-martens i t e i n t e r f a c e s a r e not g l i s s i l e , i n c o n t r a s t t o the usual models, and one would expect t h a t t h e motion of such i n t e r f a c e s m u l d be impeded.
I n a f u r t h e r i n v e s t i g a t i o n of Ti-5 w t % Mn, a high r e s o l u t i o n t.e.m. was used i n t h e a x i a l i l l u m i n a t i o n mode t o o b t a i n , where p o s s i b l e , t m dimensional l a t t i c e f r i n g e images from t h e p a r e n t and m a r t e n s i t e (8) . Fig.2 shows a l a t t i c e image of the parent m a r t e n s i t e i n t e r f a c e from a p l a t e with t h e broad band morphology; t h e zone axes a r e [OOl], 1 
[I10and t h e i n t e r f a c e i s p a r a l l e l t o the e l e c t r o n beam within experimental e r r o r . Computer simulations of t h e image demonstrate t h a t t h e hexagonal a r r a y of b r i g h t dots c h a r a c t e r i s i n g the a phase correspond t o t h e "holes" i n t h e [001Ia p r o j e c t e d p o t e n t i a l . The f r i n g e s c h a r a c t e r i s i n g t h e 6 phase correspond t o e i t h e r t h e (110) atomic planes o r t o the channels between t h e (110) p l a n e s , t h e p o s i t i o n of t h e f r i n g e s being a s e n s i t i v e f u n c t i o n of defocus. This image cannot t h e r e f o r e y i e l d a t o m i s t i c information on the s t r u c t u r e of the p a r e n t -m a r t e n s i t e i n t e r f a c e , although i t i s apparent t h a t t h e r e a r e no l a r g e s c a l e d i s t o r t i o n s i n the
i n t e r f a c e region. Further a s p e c t s of t h e i n t e r p r e t a t i o n of l a t t i c e images from titanium-manganese a r e considered i n r e f e r e n c e ( 8 ) , which a l s o gives examples of images from t h e transformation twin i n t e r f a c e s .
2.2 Equiatomic nickel-titanium.-The r e c e n t s t r o n g i n t e r e s t i n shape memory arose most d i r e c t l y from observation of the e f f e c t i n n i c k e l -t i t a n i u m a l l o y s f i r s t reported by Buehler e t a1 ( 9 ) . Since t h i s f i r s t r e p o r t , t h e r e have been numerous i n v e s t i g a tions on t h e r a t h e r complex m i c r o s t r u c t u r e of t h e a l l o y s . The f i r s t transformation twinning mode obseryed i n the monoclinic Ni-Ti m a r t e n s i t e was a Type I twin with the twin plane K1 = ( I l l ) , t a k i n g t h e convention t h a t the obtuse angle i n t h e monoclinic u n i t c e l l i s t h e angle @ (10). Subsequently, Gupta and Johnson reported a Type I twinning mode d t h K 1 = (001) and a l s o reported d e t a i l s of samples i n which they concluded t h a t the m a r t e n s i t e was composed of v a r i a n t s of t h e same monoclinic s t r u c t u r s bearing no f i x e d o r i e n t a t i o n r e l a t i o n s h i p t o one another, but with a common (111) i n t e r f a c e plane and an a l t e r n a t i n g p l a t e l e t morphology (11).
Our f i r s t study on e q u i a t o n i c nickel-titanium had t m o b j e c t i v e s (12): t o c l a r i f y t h e observations of Gupta and Johnson and t o apply t h e c r y s t a l l o g r a p h i c theory t o the observed twinning modes. New experimental evidence s h o w d t h a t the a l t e r n a t i n g p l a t e l e t morphology observed by Gupta and Johnson r s p r e s e n t s i n t e r n a l twinning by a T y~e I1 twin mode with t h e twin plane (0.72054 1 1 ) . Application of t h e phenonenological t h e o r y t o t h e various twinning modes gave p r e d i c t i o n s wh_ich were i n good agreement with t h e a v a i l a b l e experimental r e s u l t s f o r t h e Type I (111) and
t h e Type I1 mode. The t h i r d twinning mode, Type I t s t h K1 = (001) i s unable t o produce t h e l a t t i c e i n v a r i a n t shear and i s t h e r e f o r e more l i k e l y t o be a deformation twinning r a t h e r than a transformation twinning mode. 
a t t i c e f r i n g e image of a p a r e n t m a r t e n s i t e i n t e r f a c e i n Ti-Mn. The i n t e rf a c e runs diagonally across t h e p i c t u r e from top l e f t t o b o t t y r i g h t and i s almost p a r a l l e l t o t h e e l e c t r o n beam. Zone axes [001Ia 1 1 [110IB; AF = -5001
Further i n v e s t i g a t i o n s (13, 14) on t h i s a l l o y system have used high r e s o l u t i o n t.e.m. t o examine t h e n a t u r e of t h e transformation twin, deformation twin and i n t e r v a r i a n t i n t e r f a c e s , a l l of which have t o be r e l a t i v e l y mobile ( 5 ) . This m r k has, f o r t h e f i r s t time, shown evidence f o r t h e s t e p and ledge s t r u c t u r e of Type I1 twin i n t e rfaces (13), with t h e n e a r e s t low index r a t i o n a l plane forming t h e ledges, a s p r e d i c t e d t h e o r e t i c a l l y i n models of such i n t e r f a c e s . Observations on small a r e a s with (001) twinning showd f e a t u r e s c o n s i s t e n t with twinning d i s l o c a t i o n s , which a r e s t e p s with d i s l o c a t i o n c h a r a c t e r , a t t h e twin i n t e r f a c e s and a l s o f a u l t i n g on (001) planes within t h e twins. Occasionally, twin terminations were observed ( f i g . 3 ) , which can be explained by having twinning d i s l o c a t i o n s accomplishing t h e t a p e r i n g of t h e twin. High r e s o l u t i o n t.e.m. of the i n t e r v a r i a n t i n t e r f a c e s was d i f f i c u l t t o i n t e r p r e t q u a n t i t a t i v e l y (14) because of t h e complex geometry associated with such i n t e r f a c e s
Fig.3 : L a t t i c e f r i n g e image of a terminating twin i n N i -T i (A)
showing the i l l Z defined n a t u r e of the termination, from (001) twins looking down t h e [I101 zone. F a u l t i n g on (001) can be seen a t 3. A F = -7001
Tig.4 : A two dimensional l a t t i c e f r i n e image of a ttiin i n t e r f a c e i n Au-Cd showing s t e p s a t A , B and C. A F = -500f i n most c a s e s . Nevertheless, i t i s c l e a r t h a t f u r t h e r such investigations a r e n e c e s s a r y t o understand f u l l y t h e phenomenon of v a r i a n t -v a r i a n t coalescence a t a microscopic l e v e l .
2.3
Gold -47.5 a t % cadmium.-The m a r t e n s i t i c phase of Au-47.5 a t X Cd e x h i b i t s a remarkable r u b b e r l i k e e l a s t i c i t y which has been a t t r i b u t e d t o t h e r e v e r s i b l e motion of twin boundaries i n t h e m a r t e n s i t e (15) . These twin boundary movements can be accomplished by g I t i s apparent from fig.4 t h a t t h e twin i n t e r f a c e i s n o t a c c u r a t e l y ? a r a l l e l t o ( I l l ) , t h e K 1 p l a n e of t h e t r a n s f o r m a t i o n twinning mode i n t h i s a l l o y . The d e v i a t i o n axay from (111) i s accomplished by t h r e e s t e p s , two of h e i g h t 2 d l l l perpend i c u l a r t o t h e (111) p l a n e a t A and B and one of height 3 d l l l p e r p e n d i c u l a r t o t h e
twins -a c t i o n p a t t e r n used t o t h e l a t t i c e i s a g e i n .Z,one axes [I101 i n b o t h
, with t h e twin plane (111) (111) p l a n e a t C , where d l 1 1 = 2.310 2 i s t h e i n t e r p l a n a r spacing of the (111) ~l a n e s . I n a l l c a s e s t h e s t e p s appear t o be p a r a l l e l t o t h e e l e c t r o n beam within experimental e r r o r and t o l i e on (001) planes of t h e lower twin. P a r t i c u l a r l y noteworthy i s t h e f a c t t h a t the s t e p s do n o t a l l have t h e same h e i g h t and t h a t i n a l l c a s e s t h e y a r e m u l t i p l e s of t h e u n i t s t e p h e i g h t d l 1 1 which one might expect from a twinning d i s l o c a t i o n . F u r t h e r a n a l y s i s i s n o t p o s s i b l e because t h e images could n o t be i n t e r p r e t e d d i r e c t l y i n terms of t h e p r o j e c t e d p o t e n t i a l d i s t r i b u t i o n s of t h e twins along t h e e l e c t r o n beam d i r e c t i o n .
.
C o n c l u d i n g R e m a r k s . -F r o m t h e p r e c e d i n g e x a m p l e s , i t i s c l e a r t h a t b o t h conventional and high r e s o l u t i o n t.e.m. can provide v a l u a b l e information on t h e s t r u c t u r e of m a r t e n s i t i c i n t e r f a c e s which one cannot expect t o o b t a i n by any o t h e r technique. I n p a r t i c u l a r , we hope t h a t t h e h i g h r e s o l u t i o n t.e.m. work p r e s e n t e d h e r e w i l l s t i m u l a t e f u r t h e r i n t e r e s t i n t h e u s e of t h i s technique f o r o b s e r v a t i o n s of the f i n e s t r u c t u r e of i n t e r f a c e s . However,we recognise t h a t c u r r e n t microscope r e s o l u t i o n c a p a b i l i t i e s a r e i n s u f f i c i e n t l y good t o b a b l e t o d i f f e r e n t i a t e unambiguously b e t w e n v a r i o u s s p e c i f i c a t o m i s t i c models of i n t e r f a c e s obtained from computer s i m u l a t i o n s . Nevertheless, with t h e r e s o l u t i o n of e l e c t r o n microscopes improving a l l t h e time (Cambridge U n i v e r s i t y , f o r example, have j u s t modified t h e pole-pieces on t h e i r 575 kV HREM and a n t i c i p a t e a p o s s i b l e i n s t r u m e n t a l r e s o l u t i o n of 1.5 8 (17) , such a d i f f e r e n t i a t i o n may be p o s s i b l e f a i r l y soon.
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